positions because even spherical aberration corrected STEM does not have the resolution to 46 image individual boron and carbon atoms within the icosahedra [7, 8] .
47
In the present study, TEM observations and ab initio simulations are combined to demonstrate 48 that the formation of what Fujita has termed "asymmetric twins" is related to the underlying 49 stoichiometry of boron carbide, and we explain why. Both asymmetric and symmetric twins 50 were observed in B 4 C (i.e. B 12 C 3 ) but only symmetric twins in B 13 C 2 . Our combined approach 51 provides convincing evidence that the loss of symmetry is associated with local arrangements of 52 boron and carbon atoms and the bonding that results. The formation of "asymmetric twins" is 53 directly related to the hierarchical levels of structure that boron carbide possesses, and it is 54 reasonable to assume that such defects may also be present in other crystalline materials with 55 similar levels of complexity.
56
To investigate the characteristics of "asymmetric twins", two boron carbide samples with 
72
Both B 4 C and boron-rich B 13 C 2 consolidated samples were used in this study and observed to 73 contain a high twin density (Figs. 1a and 1b) . The twin densities were found to be non-uniform to that reported by Fujita et al. [7] . To further elucidate the asymmetric nature, we focused on the 88 boundary of Fig. 2a and put red '+' markers on the white dots along (100) and (010) α=α' (Fig. 2c) . When the markers on the left grain were reflected to the right, no apparent 100 deviation was observed (Fig. 2d) . In the case of B-rich B 13 C 2 , all ten twin boundaries studied by (Fig. 2e) . The reflected markers 103 also show no apparent deviation (Fig. 2f) , suggesting it is a symmetric twin boundary.
104
Understanding the role of stoichiometry on the formation of "asymmetric twins" requires an carbon atom in a neighboring chain (compare with a matrix icosahedra in Fig. 3b for clarity) .
120
The carbon atom in this translucent icosahedron is at the polar site and bonds with a boron atom bottom translucent icosahedra initially sits at the polar site (Fig. 3c) . After rotating to the boron (Fig. 3d) .
149
In the case of B 13 C 2 , the most stable configuration is B 12 -CBC, where the icosahedron is forming a symmetric twin boundary (Fig. 3f) program manager, Judah Goldwasser), and the National Science Foundation (DMR-1436985).
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